The binding energy of excitons in quantum well wires of GaAs surrounded by Ga1−xAlxAs was calculated in an effective mass approximation with the use of the variational approach. Results obtained show that the exciton binding energies depend on the sizes of the wire and the strength of the magnetic field. The exciton theory was then used to calculate the linear absorption coefficient of HH1-C1 excitons by varying the wire dimensions and magnetic field values.
Introduction
With the recent developments in crystal growth techniques, it has been possible to confine electrons in the narrow quantum well wires (QWW's). In the QWW's the electron motion along the length of the wire is free but it is quantized in the other two dimensions perpendicular to the wire. Quantum confinement in more than one dimension has become one of the most commonly studied topics of semiconductor physics. [1] [2] [3] [4] [5] Initial quantum well research focused on quasi-two-dimensional systems.
6-8 Bastard et al. 7 calculated the binding energy of an exciton confined in an infinite potential well; Greene, Bajaj and Phelps calculated the exciton binding energy in a finite potential well. 8 They found an enhancement of the binding energy which depends on the width and depth of the potential well. In general, quantum-confined structures exhibit a rich variety of enhanced optical properties [9] [10] [11] [12] [13] relative to those of bulk materials. This enhancement is due to the increase in the number of confinement directions.
The reduction of dimensionality leads to new physics and to new phenomena with potential optoelectronic device applications. The additional exciton confinement in band-gap-engineered structures gives rise to an increased oscillator strength for the lowest-energy exciton transition.
In a quasi-one-dimensional system, the enhancement in the binding energy of the exciton is expected to be greater than it is in a quasi-two-dimensional system, due to the additional confinement of the carriers in this kind of structure. The exciton binding energy in quasi-one-dimensional GaAs/GaAlAs QWW's has been a topic of quite a number of experimental [14] [15] [16] [17] [18] [19] and theoretical [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] studies over the last few years. In Ref. 15 the main parameters of the quasi-one-dimensional excitons confined in GaAs V-shaped quantum wires were determined by two photon absorption and magnetoluminescence experiments. The subband dispersion of rectangular quantum wires in a transverse mfagnetic field was calculated in a one-band model in Ref. 26 . Potential profiles and quantized energies of a series of 5-nmscale, T-shaped GaAs quantum wires were determined by Someya et al.
14 Exciton and biexciton binding energies, the wave functions, and oscillator strengths were calculated variationally for rectangular GaAs QWW's in an effective mass approximation by Madarasz et al.
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The purpose of this work is to describe the general features of the ground state exciton binding energy in a finite QWW wire of GaAs surrounded by Ga 1−x A1 x As under the magnetic field in an effective mass approximation, using the variational approach. This is accomplished by choosing a simple model, namely a rectangular QWW. The general results presented here serve as a guideline in the study of a realistic situation.
In Sec. 2, firstly, we develop the theory of excitonic binding in QWW's with finite confinement potential in an external magnetic field. Furthermore, we derive the linear exciton absorption coefficient by using a method that is parallel to Bastard's developments for excitons in quantum wells. 31 In Sec. 3, the results and conclusions are given in comparison with previous works.
Theory
We consider a QWW consisting of GaAs surrounded by Ga 1−x Al x As under the magnetic field. Magnetic field B is applied along the z direction. The effective mass approximation is used in constructing the Hamiltonian for the interacting electron-hole pair that forms the exciton. The Hamiltonian of the single electron-hole system is given by
where A = (−B y, 0, 0) is the vector potential of the magnetic field, ε 0 is the dielectric constant of the system, r e and r h are the electron and hole positions, m e and m h are the effective masses of the electrons and holes, respectively, and V (y e , y h , z e , z h ) are the confinement potentials of electrons and holes in the y and z directions. It is convenient to introduce the center-of-mass coordinate R = 
where m e is the electron conduction band effective mass which is isotropic, m h⊥ is the heavy-hole valence band effective mass perpendicular to the axis of the wire, and µ is the heavy-hole exciton reduced mass in the free direction. In terms of the Luttinger parameters, the expressions for reduced mass in the free dimension and the hole mass are
where m 0 is the free-electron mass, γ 1 = 7.36, γ 2 = 2.57 and m
0 is the heavy-hole effective mass parallel to the axis of the wire.
We can drop the term associated with P x ; since the Hamiltonian does not depend on X, P X is a good quantum number and also the expectation value of the coupling terms linear with magnetic field [i.e. (2) is identically zero for the chosen trial wave function. 21, 32 Thus the exciton Hamiltonian in Eq. (2) is reduced to
By scaling all lengths in the exciton Bohr radius (a B = ε 0 2 /µe 2 ), and energies in the exciton Rydberg (R = µe 4 /2ε 2 0
2 ), we can write the dimensionless Hamiltonian of the exciton as
The Schrödinger equation of the excitonic structure isH
whereẼ is the total energy andx =x e −x h . For the Schrödinger equation, we take the following trial wave function:
where the wave function in the x direction g t (x,λ) is chosen to be a Gaussian-type orbital function:
in whichλ is a dimensionless variational parameter.
To solve the Schrödinger equation in the y direction, we use the method that we reported in our previous studies. 32 In calculating the eigenstate energies we ensure that the eigenvalues are independent of the choice of L b and that the wave functions are localized in the well region, and we expand the wave functions χ e (ỹ e ) and χ h (ỹ h ) in terms of the eigenfunctions of the infinite potential well with the L b width.
These bases are formed as
where
So, solutions in the y direction are described by
In calculating the wave functions χ e (ỹ e ) and χ h (ỹ h ) we have ensured that the eigenvalues are independent of the choice infinite potential well width L b and that the wave functions are localized in the well region. The wave functions χ e (z e ) and χ h (z h ) represent the motion of the electron and hole in the z direction which are exactly obtained from the Schrödinger equation in the z direction. Ground state exciton binding energy is given bỹ The general expression for the linear absorption coefficient in the dipole approximation is given by
where ω is the angular frequency of the incident photon, V is the volume of the sample, n is the index refraction of the material,ε is the polarization vector of the incident radiation, c is the speed of the light,P is the many-electron momentum operator, and |i and |f are the initial and the final state of the system, respectively. For HH1-C1 excitonic transitions in a QWW the dispersion relations of HH1 and C1 are taken as parabolic upon k x , and the one electron wave functions are respectively
where U hh and U c are the heavy-hole and electron periodic parts of the Bloch function at the zone center of the host materials. The initial and final states are Slater determinants. 31 The initial state |i is unique and corresponds to the N electrons that occupy the HH1 subband. For the final state, |f we use a method that is parallel to Bastard's developments for excitons in a two-dimensional quantum well. 31 The final state in the form of a wave packet summed over Slater determinants for N − 1 electrons in the valence band and one electron in the conduction subband. Thus we obtain for QWW's
where χ's are the normalized eigenfunctions, L x is the length of the wire (free dimension), and
is the difference between the conduction and valence band electron wave vectors. The Kronecker δ function dictates that, in the exciton absorption, the electron momentum in the x direction be conserved. The appearance of the term |g t (x = 0)| 2 in the absorption coefficient means that only excitons with a nonzero amplitude at x = 0 can absorb the light.
By examining the matrix element square for light polarized along various orientations, we see that the z-polarized light has no coupling to the HH states. From the symmetry we see that the allowed optical transitions between the HH1 and C1 subbands are given by
where the quantity E p is the Kane matrix element. Thus, the exciton absorption coefficient in Eq. (11) is reduced to
where Γ is the broadening parameter obtained by replacing the δ function in Eq. (11) with a Gaussianshaped function, and ω is the photon energy required to excite the system from its ground state.
Results and Discussion
The values of the physical parameters used in our calculations are m e = 0.067 m 0 , m h = 0.45 m 0 , µ = 0.04 m 0 , ε 0 = 12.5 (the static dielectric constant is assumed to be the same everywhere), V e (y e ) = V e (z e ) = 228 meV and V h (y h ) = V h (z h ) = 176 meV. These parameters are suitable in GaAs/Ga 1−x Al x As heterostructures with an Al concentration of x ∼ = 0.3. We have assumed the conduction band discontinuity to be 56% of the total band gap difference between GaAs and Ga 1−x Al x As, E g = 1.424 eV, E p = 25.7 eV and Γ = 1 meV.
In Fig. 1 , we present exciton binding energy as a function of wire width L y for two different values of wire thickness L z and different magnetic field values. As seen in this figure, exciton binding energy increases as wire width L y decreases, since as the wire width decreases the probability of finding the electron and hole in the same plane becomes large. At small values of L y , the magnetic field is not effective in squeezing the exciton wave function since geometric confinement predominates, and for very small wire dimensions the structure behaves as quasi-one-dimensional. Since for these physical parameters the wire thickness is comparable to the magnetic length or the lowest cyclotron radius, the additional confinement induced by the magnetic field is not very important. But for large L y (≥ 150Å) the geometric confinement is weak and the exciton binding energy is sensitive to the magnetic field for all L z values. As seen in Fig. 1 in the range where geometric confinement is predominant (L y ≤ 150Å), the binding energy difference between L z = 100Å and L z = 250Å is nearly 5 meV; as L y increases, this difference rapidly decreases and eventually approaches 1 meV. And also, as seen in this figure for large enough L y values (∼ 400Å) and moderate L z values (= 100Å), the geometric confinement is observed only in the z direction and is weak and thus exciton binding energy approaches the quasi-threedimensional bulk value. 35 On the other hand, for large magnetic field values (B = 10 T) the magnetic confinement predominates in the y direction and the binding energy converges to the two-dimensional excitonic value; for example, in the present calculation the binding energy E B ∼ = 8 meV for L y = 500Å. Thus one can say that a wider wire will show a stronger dependence of the binding energies on the magnetic field. In addition, results obtained show that the exciton binding energies depend on sizes of the wire and their magnitudes are greater than that of conventional quantum well structures. Moreover, our calculated exciton binding energies for the QWW's are consistent with the results of previous workers.
20,21 From Madarasz's paper, 20 for the symmetric wire, we estimate the exciton binding energies obtained by them to be ∼ 14 meV at 100Å. Our value in this case (L z = L y = 100Å) is 13 meV. As expected, our binding energy value is smaller than theirs, since they considered infinite confinement potentials, whereas we consider finite confinement potentials. Madarasz et al. point out that their results are in reasonably close agreement with the expected values based on the measurements made on a one-dimensional quantum well. 36 Consequently, in light of the results cited above, we believe in the validity of our model. The general features of the binding energy are also qualitatively in agreement with photoluminescence spectra on a series of 5-nm-scale, T-shaped, GaAs QWW's.
14 In their paper 14 Someya et al. conclude that the binding energy of one-dimensional excitons in T-shaped QWW's is 17 meV. For the same wire dimensions, our binding energy value is ∼ 16 meV.
In Figs. 2 and 3 , we plot the HH1-C1 exciton absorption coefficient as a function of the incident photon energy for several magnetic field values at different wire dimensions. As seen in these figures, the magnitude of the ground state exciton absorption coefficient is very sensitive wire dimensions and is not affected by magnetic field values since geometric confinement predominates.
Especially for larger wire widths, the resonance photon energy for the HH1-C1 transition increases as the magnetic field increases, since for large L y values, by increasing the magnetic field we have effectively squeezed part of the well region in the y direction. The magnetic field dependence of the absorption coefficients at exciton resonance is in E. Kasapoglu et al. agreement with those given by Lorenzoni et al. in their Fig. 8 . 26 In the text of their paper, it is pointed out that there is an increase of the peak energy due to the magnetic quantization. By comparing Fig. 2 with Fig. 3 , we see that, by changing L z from 100Å to 250Å the magnitude of the absorption coefficient decreases from ≈ 2 × 10 5 cm −1 to 6 × 10 4 cm −1 for L y = 50Å. Since by increasing the wire dimension the overlap between the electron and hole decreases, this gives a reduction in the magnitude of the absorption coefficient. The results obtained in these figures are in good agreement with that of the excitonic binding energy behavior. Also, we should point out that the wire dependence of the exciton absorption coefficient compares favorably with those given by Madarasz et al. for symmetric wire. In their Fig. 5 , it is clearly seen that the magnitude of the peak absorption coefficient for resonant excitation decreases as the wire dimension increases.
Conclusion
In this study, we have calculated using a variational approximation the ground state exciton binding energy in QWW's under the externally applied magnetic field. We showed clearly that the magnetic field is more effective in wider wires because the exciton wave function is more squeezable. At small values L y , the magnetic field is not effective in squeezing the exciton wave function since the geometric confinement predominates. As a result, we find that the binding energies increase on decreasing one dimension of the wire and approach the value expected for two-dimensional quantum wells of finite thickness by expanding one side while keeping the other fixed. Furthermore we should point out that the binding energy in the narrow quantum wells is very sensitive to both the magnetic field and the well width while it does not depend on the magnetic field in quantum well wires with a width smaller than 150Å. 27 Next, the exciton theory was used to calculate the absorption coefficient as a function of the wire dimension. The obtained results were compared to those of previous studies. 20, 21, 26 Our results were in reasonably close agreement.
In conclusion, the method used in this work is capable of describing the correct behavior of excitonic binding and optical transitions in a QWW under an external magnetic field.
